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RESEARCH
Climate change and the decreasing availability of land for livestock are significant challenges to overcome the 
increasing demand for animal protein (Tilman and Clark, 
2014; Grandin, 2015; Ramankutty et al., 2018; Springmann 
et al., 2018). In tropical regions, native or cultivated pastures 
constitute the most cost and environmentally effective form 
to feed cattle (Euclides et al., 2016; Henchion et al., 2017). 
However, for better animal performance in pastures, improve-
ments should be made in pasture management, animal genetics, 
and forage genetics (better quality and adaptation to soils, 
climate, and pests). For instance, forage breeders have selected 
for typical plant traits such as biomass production, canopy size 
and structure, disease and insect resistances, forage quality and 
plant regrowth capacity, and ease of consumption (Hayes et al., 
2013; Jank et al., 2014). In addition, forage breeding programs 
deal with indirect targets since the final product is not the 
plant performance but an animal product, such as milk or meat 
derived from the forage.
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ABSTRACT
The breeding process in tropical segmental allo-
polyploid forage Urochloa is challenging due to 
the complex genetic control of the traits. Knowl-
edge about genes associated with forage traits, 
expressed in the different cutting seasons, are 
extremely useful to support breeding programs 
and development of new cultivars. Thus, the 
aims of our study were (i) to identify genomic 
regions related to forage traits through genome-
wide association studies (GWAS), and (ii) to 
verify the influence of allele dosage on these 
results. A panel of 272 genotypes of Urochloa 
spp. [U. brizantha (Hoscht. ex A. Rich.) R. 
Webster ´ U. ruziziensis (Hoscht. ex A. Rich.) R. 
Webster] was evaluated in both the wet and dry 
seasons. The GWAS analyses were performed 
with 26,535 single nucleotide polymorphisms 
(SNPs) obtained by genotyping-by-sequencing 
(GBS) using diploid and tetraploid allele dosage 
configurations. Furthermore, we evaluated 
scenarios including additive, dominance, and 
epistatic effects. Seven candidate genomic 
regions associated with the main forage traits 
of Urochloa spp. were identified. The impor-
tance of the diploid and tetraploid molecular 
configuration in GWAS analyses for segmental 
allopolyploid species was demonstrated to 
identify the genomic behavior of important 
regions. Results demonstrated that it is possible 
to identify the same regions using both ploidy 
configurations; however, in some cases, the 
allele substitution effect can be biased mainly 
for regions with dominance and epistatic effects. 
Finally, this study contributes to the under-
standing of genetic control of tropical forage 
traits and genomics to accelerate the selection 
and reduce the cost to release new cultivars.
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Urochloa brizantha (Hoscht. ex A. Rich.) R. Webster, 
U. decumbens (Stapf ) R. Webster, and U. ruziziensis 
(Hoscht. ex A. Rich.) R. Webster are extensively culti-
vated as pasture in tropical regions ( Jank et al., 2014). The 
available cultivars of U. brizantha and U. decumbens are 
allotetraploid segmental and apomictic, whereas cultivars 
of U. ruziziensis are diploid and with sexual reproduc-
tion. In 1981, U. ruziziensis was artificially tetraploidized 
using colchicine and afterward used as a sexual genitor 
(pollen receptor or female genitor) in crosses with U. 
brizantha and U. decumbens (pollen donor or male genitor) 
to develop interspecific hybrids (Swenne et al., 1981; Lutts 
et al., 1991; do Valle and Pagliarini, 2009). Their purpose 
was mostly to identify hybrids with the nutritional quality 
of U. ruziziensis and the agronomic performance of U. 
brizantha and U. decumbens.
Interspecific hybridization in Urochloa spp. is the main 
strategy to develop new cultivars. Apomictic plants are 
used as a pollen donor in crosses with sexual tetraploidized 
plants (Fig. 1a). Hybrids are evaluated as single plants under 
field trials to select ?10% of the best-performing individ-
uals, which are subsequently evaluated with at least four 
replicates (Fig. 1a and 1b). The plots inside the replicate 
are normally composed of five vegetative clones of each 
selected hybrid (Fig. 1b). At the end of the pipeline, one or 
two hybrids are selected and evaluated for animal perfor-
mance in several locations (Fig. 1c and 1d) to develop a 
new apomictic cultivar (Fig. 1e). For thorough descrip-
tions of breeding schemes, see Barrios et al. (2013) and 
Worthington and Miles (2015). Each step described above 
usually is evaluated for at least 2 yr in the Cerrado biome 
of Brazil (3–22° S latitude, 39–65° W longitude); hence, 
the time to develop an Urochloa spp. cultivar is approxi-
mately 10 to 15 yr.
The breeding process could be accelerated through 
the development of genomic tools to improve selection 
efficiency. New genotyping approaches have generated 
a massive volume of genomic information for different 
species of animals and plants (Uitdewilligen et al., 2013; 
Zargar et al., 2015). These tools also are not restrictive, 
and species without a reference genome can be evaluated 
and the available genome of related species can be used 
to discover variant nucleotides in the target population 
(He et al., 2014). The molecular markers discovered can 
be used in genomic prediction, genome-wide association 
studies (GWAS), and marker-assisted selection approaches 
to select the most promising hybrids at the seedling stage 
and also to understand the genetic control of important 
traits (He et al., 2014; Crossa et al., 2017; Bourke et al., 
2018). In tropical forages, markers associated with agro-
nomical and nutritional traits could be used to identify 
genes underlying phenotypes.
In polyploid species, GWAS is more challenging than 
diploid species, mainly due to the number of genotype 
classes and gene action (additive, dominance, and epistasis) 
which, until recently, lacked appropriate analysis methods 
(Rosyara et al., 2016). Consequently, GWAS in polyploids 
is a relatively new subject and is predominantly applied by 
disregarding the allele dosage and using diploid models and 
software (Sun et al., 2016; Mourad et al., 2018). However, 
little is known about the consequences of using these 
models on the GWAS results compared with the use of 
adequate allele dosage, especially considering Urochloa spp. 
Ferrão et al. (2018) performing GWAS analysis in autotetra-
ploid blueberries (Vaccinium corymbosum L.) verified that the 
importance of tetraploid models varies with traits and the 
use of diploid models has hindered the detection of single 
nucleotide polymorphism (SNP)–trait associations in this 
autotetraploid species. In turn, Inostroza et al. (2018) only 
detected significant SNP–trait association in the allotetra-
ploid clover (Trifolium repens L.) when GWAS analyses were 
performed with tetraploid genetic models, showing the 
importance of considering the correct allele dosage. Addi-
tionally, improvements in genomic studies in polyploids 
were provided by the use of new methods to estimate the 
relationship matrix in tetraploids as described by Endelman 
et al. (2018) and Amadeu et al. (2016), followed by the 
development of new software to estimate the genotype call 
in tetraploids such as ClusterCall (Schmitz Carley et al., 
2017) and updog (Gerard et al., 2018).
Genome-wide association studies for U. brizantha 
and U. decumbens are even harder due to the species being 
segmental allotetraploids, one with genome allotetra-
ploid behavior and the other with autotetraploid behavior 
(Worthington et al., 2016; de Paula et al., 2017). These 
species have chromosomes with preferential pairing 
and fully homologous chromosomes pairing at random 
(Sybenga, 1996). In this case, genomic studies can be 
performed using markers with diploid and tetraploid allele 
dosage. The genomic constitution of U. ruziziensis, U. 
decumbens, and U. brizantha is classified as B2B2, B1B1B2B2, 
and BBB1B1, respectively (de Paula et al., 2017). However, 
although these genomes have been considered homeol-
ogous, less affinity is observed between genomes B and 
B2, and thus genes segregating as a diploid is possible in 
hybrids between U. ruziziensis and U. brizantha.
Despite the noteworthy importance of Urochloa spp. 
for livestock in tropical regions, to our knowledge, there 
are no GWAS using SNP markers performed within this 
genus. This study discusses the influence of the allele 
dosage on the genomic resolution of association mapping 
analysis in some Urochloa species, and thus the aims were 
(i) to identify genomic regions related to forage traits 
performance in segmental allotetraploid Urochloa hybrids 
through GWAS using SNP markers from genotyping-
by-sequencing (GBS), and (ii) to verify the influence of 
diploid and tetraploid markers allele dosage configuration 
on these results.
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each hybrid was available as a single plant, and the environmental 
influence was evaluated by the check replicates. Each hybrid was 
individually evaluated for the two groups of traits below.
Agronomic Traits
Field green weight (FGW, kg ha−1) was evaluated by cutting 
the plant ?10 cm above the soil surface and weighing the 
green matter in the field with a field scale. Final plant regrowth 
capacity score (REG) was estimated according to the method-
ology described by de Figueiredo et al. (2012) 7 d after cutting, 
obtained by the combination between scores for the density of 
regrown tillers and regrowth speed.
Nutritional Traits
Approximately 200 g of green forage were dried, ground, and 
analyzed with near-infrared reflectance spectroscopy (NIRS) 
(Marten et al., 1989). The NIRS calibration was previously 
performed by comparing the results obtained in the chemical 
analyzes vs. the spectrum read obtained from the same sample 
evaluated using NIRS (data not shown). This process was used 
MATERIALS AND METHODS
Plant Material and Phenotyping
A set of 263 tetraploid interspecific hybrids was obtained by 
crossing U. brizantha (pollen donor: apomictic segmental allo-
tetraploid) and hybrids of U. ruziziensis ´ U. brizantha (pollen 
receptor: sexual tetraploids), from the forage breeding program 
of Brazilian Agricultural Research Corporation (Embrapa Beef 
Cattle), Campo Grande, Mato Grosso do Sul, Brazil (20°27¢ S, 
54°57¢ W). This population was evaluated in the field using an 
incomplete block design during seven cuttings, from 2014 to 
2015. Nine commercial apomictic cultivars were used as checks: 
U. brizantha cv. ‘Marandu’, U. brizantha cv. ‘Paiaguás’, U. brizantha 
cv. ‘B140’, U. decumbens cv. ‘Basilisk’, and the interspecific 
commercial hybrid ‘Mulato II’. The sexual elite tetraploid hybrids 
from Embrapa genetic bank (BS9, BS15, 336-T1, and 336-T2) 
were also used as checks. Cuts 1, 4, 5, and 6 were performed in the 
wet season, whereas Cuts 2, 3, and 7 in the dry season. The full 
experimental design and biological materials (hybrids and checks) 
were previously described by Matias et al. (2018). This popula-
tion was at the breeding stage highlighted at Fig. 1a, and thus 
Fig. 1. Urochloa spp. breeding program scheme to develop apomictic cultivars. (a) Hybridization: single cross between commercial 
apomictic cultivars (pollen donor or male genitor) and synthetic sexual parents (pollen receptor or female genitor) in Embrapa Beff Cattle, 
Campo Grande, Mato Grosso do Sul, Brazil (2 yr = crossing and seed dormancy); (b) Stage 1: progeny evaluation based on one plant 
per plot (2 yr = two dry and wet seasons); (c) Stage 2: hybrids selected in Stage 1 are evaluated in trials with at least four replicates 
and five hybrids clones per plot (2 yr = two dry and wet seasons); (d) Stage 3: Regional multi-trial experiments considering the selected 
hybrids from Stage 2 (at least 2 yr)—this step is conducted with partners of different units of Embrapa in Brazil ([1] Embrapa Beff Cattle, 
[2] Embrapa Dairy Cattle, [3] Embrapa Cerrados, [4] Embrapa Acre, and [5] Embrapa Agrossilvipastoril); (e) Stage 4: 1 or 2 hybrids 
selected in Stage 3 are evaluated for animal performance (2 yr = two dry and wet seasons); (f) seed production and release of a new 
apomictic cultivar, which may also enter the breeding program as a male genitor (2–5 yr).
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to estimate the sample percentage of crude protein (CP), in 
vitro organic matter digestibility (IVD), neutral detergent 
fiber (NDF), and lignin in sulfuric acid (LIG) for the samples 
collected during the Cuttings 3 and 4.
Statistical Analyses
Season Effect Estimation
The significance of season effect was estimated by a fixed 
model approach to verify the difference between dry and rainy 
seasons. Fixed effects were tested by Wald F test supported by the 
ASreml-R package (Butler et al., 2009). For that, a joint analysis 
using incomplete block design was performed including all 
genotypes (9 checks and 263 hybrids) by the following equation:
yacdh = m + pg + rh + qh(c) + sa´h + tb + eacbh [1]
where y is the vector for phenotypic data; m is the vector for the 
overall mean; p is the vector of genotype, with g = {1, 2, …, 
272}; r is the vector indicating the season effect, with h = {wet 
or dry}; q is the vector of cut nested into season effect, with c = 
{1, 4, 5, 6} for wet season, and c = {2, 3, 7} for dry season; s is 
the vector of interaction between genotypes and season effects; 
t is the vector of the block effect, with b = {1, 2, …, 10}; and e is 
the residual, with e ? N(0, Is2e) where I is the identity matrix 
and s2e is the residual variance component.
Genetic Effects Estimation
Once the significance of season was identified by the Eq. [1], the 
phenotypic record was adjusted to be used in the GWAS. The 
genetic effects were estimated for individual hybrids using fixed 
model with annual, wet, and dry season considered separately, 
following the incomplete block design equation (Eq. [2]):
ybcd = m + pg + qc + sb + ug´c + egcb [2]
where y is the vector for phenotypic data; m is the vector for 
the overall mean; p is the vector of genotypes (9 checks and 263 
hybrids), with g = {1, 2, …, 272}; q is the vector of cut effect, 
with c = {1, 2, …, 7} for annual, c = {1, 4, 5, 6} for wet season, 
and c = {1, 3, 7} for dry season; s is the vector of block effect, 
with b = {1, 2, …, 10}; u is the vector of genotypes ´ cut inter-
action effect; and e is the residual effect with e ? N(0, Is2e) 
where s2e is the residual variance component. Equation [2] was 
also run with random effect of genotypes, with p ? N(0, Is2g), 
to estimate the heritability following the equation H2 = s2g/
[s2g + (s2g´c/c) + (s2e/cb)], where s2g is the genetic variance 
of genotypes, s2g´c in the interaction between genotypes and 
cuttings, c is the number of cuttings, and b is the number of 
replicates per blocks (Fristche-Neto et al., 2018).
Genotyping
Fresh leaf of all 272 genotypes (9 checks and 263 hybrids) 
was used for DNA extraction with the Qiagen DNeasy kit, 
and samples were genotyped by sequencing using the ApeKI 
enzyme (Elshire et al., 2011) and Illumina Hi-Seq 2500 
platform with 1 ´ 100 bp reads. The Genome Analysis Toolkit 
(GATK) pipeline (McKenna et al., 2010; DePristo et al., 2011) 
was used to discover and call SNP markers. The genomic data 
were evaluated by GATK using ploidy = 4 for genotype calling 
at the tetraploid level. The diploid genotype calls were based 
on the genotype likelihoods to evaluate the data at the diploid 
level. For instance, the posterior probability to call Geno-
types 1, 2, and 3 from tetraploid configuration were summed 
to estimate the posterior probability to call Genotype 1 in 
the diploid configuration [i.e., p(Aa) = p(Aaaa) + p(AAaa) + 
p(AAAa)). Additionally, p(aa) = p(aaaa) is the posterior prob-
ability of Genotype 0 in the tetraploid configuration to be 
the Genotype 0 in the diploid configuration, and p(AA) = 
p(AAAA) is the posterior probability of Genotype 4 (tetraploid) 
to be Genotype 2 (diploid). Urochloa does not have a complete 
genome available; in this case, sequencing reads were aligned 
with five different genomes: Setaria virides (L.) P. Beauv. (Sv) 
(DOE-JGI, 2018a), Setaria italic (L.) P. Beauv. (Si) (Bennetzen et 
al., 2012), Sorghum bicolor (L.) Moench. (Sb) (DOE-JGI, 2018b), 
Oryza sativa L. (Os) (Ouyang et al., 2006), Zea mays L. (Zm) 
(Schnable et al., 2009), and the Urochloa mock reference (Um) 
(Matias et al., 2019). Default alignment parameters were used in 
the software Burrows-Wheeler Alignment tool (Li and Durbin, 
2009), SAMtools (Li et al., 2009; Li, 2011) and Picard (http://
broadinstitute.github.io/picard/).
Urochloa spp. as described above are segmental allotet-
raploid species with part of the genome with a tetraploid 
behavior and part of the genome with a diploid behavior. For 
this reason, high-quality filtering was applied assuming the 
diploid level during the quality control process to increase 
the probability to select markers segregating as diploid species 
with disomic inheritance. The SNP markers were filtered by 
minor allele frequency (MAF) ³1%, missing data per marker 
£50%, minimum read depth per sample ³8, and general 
genotype quality score ³10 on the Phred scale. The average 
depth was 18 reads per marker by sample. Remaining missing 
data were imputed using the Random Forest package (Liaw 
and Wiener, 2002), where all markers with r2 ³0.1 were 
used as predictors, and 300 trees were considered, following 
the recommendation of Matias et al. (2019). Consequently, 
we selected 26,535 SNPs with diploid and tetraploid dosage 
configurations. Three possible genotypes were assigned as 
diploid (aa, aA, and AA), whereas five possible genotypes were 
used for tetraploid (aaaa, aaaA, aaAA, aAAA, or AAAA). The 
SNP matrix for both ploidies was used to build the additive 
relationship matrix described by VanRaden (2008) at diploid 
level (GDip), and Vitezica et al. (2013) at tetraploid level (Gtetra), 
according to the equations
WDip = (XDip – 2pi)
( )
Dip Dip
Dip 2 1i ip p
′
=
−∑
W W
G
WTetra = (XTetra – 4pi)
( )
Tetra Tetra
Tetra 4 1i ip p
′
=
−∑
W W
G
where pi is the reference allele frequency, and X is the allele dosage 
matrix with genotypes denoted 0 to 2 for diploids and 0 to 4 for 
tetraploids. A graphic representation of the kinship matrix was 
built using the R package superheat (Barter and Yu, 2018).
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RESULTS
Agronomical and Nutritional 
Phenotypic Variation
There were significant effects of genotype and season 
(Supplemental Table S1) and genotype effect nested into 
each environmental condition (Table 1) for all traits. 
This indicates that at least one genotype had a differ-
ential performance between and within wet and dry 
seasons. The broad-sense heritability considering the 
annual data ranged from 0.46 to 0.81 for LIG and FGW, 
respectively. Field green weight showed a different trend 
when compared with REG, CP, IVD, NDF, and LIG. 
Field green weight presented a higher heritability in the 
wet season (77%) than in the dry season (53%), whereas 
all other traits followed the opposite trend—for instance, 
NDF showed a moderate heritability in the dry season 
(45%) and very low heritability in the wet season (27%).
As expected, average values for all traits (across growing 
seasons) were intermediate between those observed in 
the wet and dry season. For example, the average FGW 
yield was 1468.26 kg ha−1, whereas its performance in the 
dry and wet season were 1062.26 and 1773.83 kg ha−1, 
respectively (Table 1). Thus, genotypes showed a better 
performance for FGW, REG, and IVD during the wet 
season than during the dry season. In contrast, for CP, 
NDF, and LIG, there were no significant differences 
between seasons.
Correlations between traits changed as a function of 
season (dry and wet). For instance, a positive and signifi-
cant correlation between FGW and REG was observed, 
ranging from 0.40 during the dry season to 0.21 during 
the wet season (Fig. 2, Supplemental Table S2). The same 
reduction of magnitude value between NDF and CP was 
observed, ranging from −0.48 (dry) to −0.25 (wet). Also, 
FGW and NDF, FGW and LIG, NDF and LIG, and IVD 
and NDF reduced the correlation during the wet season, 
though with low intensity. On the other hand, IVD and 
CP and IVD and LIG increased from 0.48 and −0.23 (dry 
season) to 0.51 and −0.33 (wet season), respectively.
Population Structure and Diversity Analysis
For the diploid and tetraploid configurations, population 
structure was evaluated in terms of genotype frequencies, 
visual representation of the additive relationship matrix, 
and a biplot of the first two principal components of the 
marker data. The proportion of homozygous to hetero-
zygous genotypes was slightly different between diploid 
and tetraploid configurations (Fig. 3a). In homozygote 
Genotypes 0 for both ploidies, the difference between 
diploid and tetraploid configurations was 0.75%. On 
the other hand, using the reference allele homozygote 
Genotype 2 for diploid (AA) and 4 for tetraploid (AAAA), 
the difference was 0.16%. The diploid heterozygote 
Genotype 1 (22.75%) was distributed among the three 
Genome-Wide Association Studies
Adjusted means of hybrids from Eq. [2] were used to perform 
the GWAS analyses of traits under annual, wet, and dry seasons. 
These analyses were inspired by Pajerowska-Mukhtar et al. 
(2009) with tetraploid potato (Solanum tuberosum L.) and associ-
ation studies with field resistance to diseases. Hybrid genotypes 
were parameterized by the dosage of reference allele as nuliplex 
(0 = aa), simplex (1 = Aa) or duplex (2 = AA) for the diploid 
data, and the nuliplex (0= aaaa), simplex (1 = Aaaa), duplex (2 
= AAaa), triplex (3 = AAAa), and quadruplex (4 = AAAA) 
for the tetraploid data. The GWAS linear mixed model Q + K 
described below was proposed by Yu et al. (2006) and adapted 
to support each ploidy based on general, additive, simplex 
dominant, and duplex dominant gene actions, available in the 
R package GWASpoly (Rosyara et al., 2016).
y = Xb + ZSt + Zu + e [3]
where y is the vector of the adjusted phenotypes; b is the first two 
principal components from molecular data used as fixed effect 
covariates (population structure); t is the vector of SNP effects; 
u is the vector of polygenic effects with u ? N(0, Ks2g) where 
s2g is the variance component of genotypes and K is the relation-
ship matrix; G is described above (GDip and GTetra); and e is the 
residual effect vector with e ? N(0, Is2e) where I is the identity 
matrix and s2e is the variance component of error. The incidence 
matrix X is the incidence matrix accounting for the fixed effects; 
Z is the incidence matrix that maps genotypes to observations; 
S is the incidence matrix of genetic models: epistatic (general), 
additive, and dominance. As described by Rosyara et al. (2016), 
the general model uses each genotype class independently, and 
the SNP effect in each one is arbitrary. For the additive model, the 
effect was evaluated by dosage of the reference allele. Dominance 
models were simplex and duplex dominance. Simplex dominance 
model evaluates the hypothesis that homozygote genotype of the 
alternative allele (aaaa) has a different performance than others 
genotypes with at least one copy of the reference allele (A----). 
Duplex dominance model is specific for tetraploid configuration 
and evaluates if the duplex genotype (AAaa) has a similar perfor-
mance as the nuliplex (aaaa) and the simplex genotype (Aaaa) or 
similar performance to triplex (AAAa) and tetraplex (AAAA) 
genotypes. False discovery rate was controlled by setting the 
significance threshold with Bonferroni’s multiple testing correc-
tion methods with initial p = 0.05. The software MapChart 
(Voorrips, 2002) was used to illustrate chromosome regions with 
at least one significant SNP on GWAS analysis according to the 
reference genome.
Gene Annotation
For significant SNPs found on the Urochloa mock reference 
(Matias et al., 2019), a sequence of 50 nucleotide positions 
from both sides of significant SNPs was selected from the 
respective reference and compared with the information avail-
able in genomic data banks using the Basic Local Alignment 
Search Tool (BLAST) (Altschul et al., 1990). For the signifi-
cant SNPs found on the other references (annotated genomes), 
a window of 1 kb was evaluated to determined candidate genes. 
Gene function and homologies were evaluated using the NCBI 
platform (NCBI Resource Coordinators, 2017).
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possible heterozygote tetraploid Genotypes 1 (12.41%), 
2 (6.74%), and 3 (2.7%), totaling 21.85%. These differ-
ences of frequencies could represent genotyping errors on 
the edge of genotype probability, mainly caused by the 
read sampling during the genotyping step. For example, 
markers with Genotype 3 in tetraploid configuration has 
p(AAAa) > p(AAAA); however, it can be Genotype 2 
(AA) instead Genotype 1 (Aa) in diploid configuration 
due the low depth of allele a being accounted as a mistake 
during the genotype call; in this case, p(AA) > p(Aa).
The heat map of the kinship additive matrix showed 
differences between the diploid and tetraploid levels 
(Fig. 3b), and the clusters’ shape and size were different 
according to the ploidy. In the diploid configuration, the 
number of clusters is easier to identify than in the tetra-
ploid configuration, due to building smaller and more 
distinctive clusters. However, the use of tetraploid data 
organized the population in three greater groups. The 
biplot from the first two principal components in principal 
component analysis (PCA) explained 13.7% at the diploid 
level and 12.8% using tetraploid marker data (Fig. 3c). The 
cloud of points for both ploidies had a triangular shape, 
but with a different orientation. The genomic structure 
from the original diallelic cross of this population (Matias 
et al., 2018) can be identified by the PCA using diploid or 
tetraploid data configuration.
GWAS Analyses for the Different Seasons
A complex interaction of genotype and environment was 
observed when different heritabilities and hybrids perfor-
mance were observed for all traits across seasons (Table 1, 
Supplemental Table S1). Overall, additive and dominant 
models of GWAS were evaluated using markers at the 
diploid and tetraploid level and only the significant results 
were described. It was verified that each trait showed 
different responses regarding the combination between 
season, ploidy, and GWAS model.
Significant markers across all traits and all GWAS 
models are summarized in Table 2. We found a marker 
associated with REG, for the annual and dry season, 
Table 1. Wald test for fixed effects of genotype, broad-sense heritability (H2), and general average ( x ) of field green weight 
(FGW), regrowth capacity (REG), crude protein (CP), in vitro organic matter digestibility (IVD), neutral detergent fiber (NDF), and 
lignin in sulfuric acid (LIG)
Season Parameters FGW REG CP IVD NDF LIG
Annual Genotype 8181.20** 5035.10** 3374.10** 2122.20** 2267.70** 1882.40**
H2 0.81 0.75 0.68 0.52 0.52 0.46
x 1468.26 3.23 15.80 71.74 65.91 2.21
Dry Genotype 4653.70** 3999.70** 2823.00** 2702.00** 1632.40** 1765.20**
H2 0.53 0.68 0.55 0.53 0.45 0.49
x 1062.26 3.56 15.72 74.69 65.06 2.20
Wet Genotype 5683.30** 2519.95** 1641.00** 1557.30** 977.20** 1287.95**
H2 0.77 0.52 0.47 0.39 0.27 0.32
x 1773.83 2.98 15.85 68.80 66.80 2.21
** Significant at the 0.05 and 0.01 probability levels, respectively.
Fig. 2. Correlation network between field green weight (FGW), regrowth capacity (REG), crude protein (CP), in vitro organic matter 
digestibility (IVD), neutral detergent fiber (NDF), and lignin in sulfuric acid (LIG).
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Fig. 3. Population structure and diversity analysis using diploid and tetraploid marker configuration. (A) The proportion of each class of 
genotype, (B) the kinship matrix heat map, and (C) the biplot from the first two principal components. Dim1, first principal component; 
Dim 2, second principal component.
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mapped on chromosome 8 of Setaria virides at the position 
7,908,449 bp. This SNP was annotated inside the gene 
trnD-GUC, corresponding to a synthesis of tRNA-Asp. 
For NDF, two markers for the annual performance and 
one for the dry season were identified. The first SNP for 
annual data was aligned with Setaria italica scaffold_5 at the 
position 15,551,397 bp, with a dominant negative effect 
(−2.54) for the alternative allele. Furthermore, it is near to 
the gene LOC101778276, which is related to the Exocyst 
Complex Component SEC15B. The second marker for 
annual and dry season was aligned with Urochloa mock 
(Um) reference at the positions 8,160,655 and 128,132 bp, 
respectively (Supplemental Fig. S1). These markers came 
from centroids in the Um genome reference (Matias et al., 
2019) originated from the GBS-SNP-CROP approach 
(Melo et al., 2016). Although there were no candidate 
genes on these regions, the last part of both sequences 
showed the same final nucleotide sequence. In particular, 
this coincident part had homology with Triticum aestivum 
L. chromosome 3B, but no function was assigned.
Significant markers were found for IVD in all envi-
ronmental conditions (Table 2). The marker Um_128132, 
mentioned above for NDF, was also significant for IVD in 
the annual period of evaluation. The Um_91613 marker 
was significant for the dry season, but its MAF was 
very low (0.02), and no significant similarity was found. 
During the wet season, the dominant model revealed two 
significant markers. The first was aligned with Urochloa 
mock reference at the 3,259,930-bp position (MAF = 
0.41). The region near this marker is similar to the gene 
LOC101780209 (uncharacterized protein At3g52155). 
The latter was previously reported for regrowth capacity, 
Sv_Chr08_7908449, with a negative dominance effect, 
which reduces the IVD to about −3.38.
Only one marker was significant during dry season for 
FGW. It was noted in the Sorghum bicolor genome, chro-
mosome 02, at position 1,588,978. The alternative allele 
of this SNP when present in the hybrid is dominant and 
associated with a reduction of 172.5 kg ha−1. Furthermore, 
the gene LOC8084285 was annotated in this region, 
which corresponds to an uncharacterized protein.
In general, three regions from genomes with anno-
tation had significant SNPs aligned: chromosome 2 
of Sorghum bicolor, chromosome 5 of Setaria italica, and 
chromosome 9 of Setaria virides (Supplemental Fig. S2). 
Setaria italica allowed more alignments for Urochloa spp., 
which were relatively well distributed across the genome, 
following what was observed by Matias et al. (2019).
GWAS Analysis Using Diploid and Tetraploid 
Genomic Configuration
Concerning the GWAS models, no pattern was observed 
for ploidy level within seasons (Table 2). Only the simplex-
dominance and general models allowed identification of 
significant markers associations using diploid configura-
tion. Besides these two models, significant markers were 
also found using duplex-dominance model for tetraploid 
configuration.
As already mentioned, the marker Sv_Chr08_7908449 
was significant for REG in the annual data and dry season 
and also was significant using both diploid and tetra-
ploid data configurations (Table 2, Fig. 4a). The model 
had an excellent fit, as can be observed in the quantile-
quantile plot (Fig. 4b). Complete dominance effect was 
observed for the marker Sv_Chr08_7908449 at diploid 
level, where at least one copy of allele (A-) was neces-
sary to improve the REG from −1 to approximately −0.5 
(Fig. 4c). However, when the ploidy was expanded to the 
tetraploid level, we found that only genotypes with three 
(AAAa) or four copies (AAAA) of this allele were respon-
sible for improving this trait. This fact indicates that the 
allele substitution effect was biased when estimated with 
the diploidized marker data.
For LIG, the marker Um_8160655 was identified by 
diploid and tetraploid configuration (Table 2, Fig. 5). The 
alternative allele exerts a dominant effect on the trait. 
In this case, the homozygous genotype for the alterna-
tive allele (aa and aaaa) and all the heterozygous (Aa and 
A--a) reduced the average value for this trait in approxi-
mately 0.5 to 0.6 in comparison with genotypes with 
homozygous genotype for reference allele (i.e., AA = 2 
for diploid configuration and AAAA = 4 for tetraploid 
configuration). Thus, only the latter genotype showed the 
undesirable high levels of LIG for Urochloa spp. cultivars.
Markers with statistical significance should be evalu-
ated carefully in segmental allotetraploids, once the real 
inheritance is not known for all genome regions. One 
example is the fact that some SNPs were significant using 
both marker configurations and others only using one 
specific configuration (Table 2). For example, all signifi-
cant SNPs found for IVD were identified by the tetraploid 
configuration (dry, wet season, and annual), and no marker 
was significant using diploid configuration. Evaluating the 
marker Um_91613, no conclusions should be made, as this 
marker did not have enough representability of genotype 
classes in tetraploid configuration (classes “AAaa” and 
“AAAA” had only one observation and class “AAAa” 
had no observations). However, an opposite situation 
was observed for the marker Um_3259930. This marker 
showed many individuals in each class, highlighting that 
both Urochloa spp. genomes (BB and B2B2) are segregating 
(Supplemental Table S3).
DISCUSSION
Variability of Forage Traits during the Dry 
and Wet Seasons
Tropical forages are generally subjected to seasonal differ-
ences in environmental conditions favoring growth during 
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the rainy season and dormancy in the dry one. This results 
in an irregular supply of fodder across the year. According 
to Jones, (1979), this seasonal difference in forage growth 
is the main obstacle to animal production in tropical and 
subtropical regions. Our results showed that Urochloa spp. 
interspecific population has genetic variability in seasonal 
production to be explored, which allows the selection 
of genotypes with combined maximum production for 
Fig. 4. Genome-wide association study (GWAS) results of Urochloa spp. for regrowth capacity (REG) considering the annual data using 
diploid and tetraploid configuration markers. (A) The Manhattan plot, (B) the quantile-quantile (QQ) plot, and (C) the boxplot showing the 
trait average by genotype for significant single nucleotide polymorphisms (SNPs). Reference genomes: Si, Setaria italica; Sb, Sorghum 
bicolor; Sv, Setaria virides; Os, Oryza sativa; Zm, Zea mays; At, Arabidopsis thaliana; Um, Urochloa mock.
Fig. 5. Genome-wide association study (GWAS) results of Urochloa spp. for lignin in sulfuric acid (LIG) on the wet season using diploid 
and tetraploid configuration markers. (A) The Manhattan plot, (B) the quantile-quantile (QQ) plot, and (C) the boxplot showing the trait 
average by genotype for significant single nucleotide polymorphisms (SNPs). Reference genomes: Si, Setaria italica; Sb, Sorghum 
bicolor; Sv, Setaria virides; Os, Oryza sativa; Zm, Zea mays; At, Arabidopsis thaliana; Um, Urochloa mock.
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both dry and wet seasons. One of the species used for this 
interspecific population is U. brizantha, which, despite 
sensitivity to water deficit, has a deep-rooted system and 
can contribute alleles for dry season adaptation (Santos 
et al., 2013). The morphological advantage from this 
parental species may have improved specific genotypes to 
better resist the water stress resulting in a fast regrowth in 
the dry season. These results support the strategy of this 
breeding program to develop cultivars for the Cerrado 
biome ( Janusckiewicz et al., 2015), the climate of which is 
classified as tropical continental Köppen type Aw (Alvares 
et al., 2013).
Seasonal variation modifies the environment and 
promotes physiological and morphological reactions in 
the plant. For example, ?20% of the measured metab-
olites in potato leaflets were simultaneously affected by 
drought, CO2 enrichment, and diurnal factors combined 
(Barnaby et al., 2015). During the dry season, the plant 
uses physiological and anatomical tools to reduce cell 
activity and control the osmotic regulation (Zheng et 
al., 2000). Consequently, there is a reduction in cellular 
turgor and leaf area expansion, stomata closure, floral 
abscission, acceleration of tissue senescence, and reduc-
tion of growth and photosynthesis (Endres et al., 2010; 
Xoconostle-Cázares et al., 2010; Varshney et al., 2011). 
All these changes in the plant during water stress may have 
invoked the expression of different alleles in the evaluated 
interspecific hybrids, exposing the variability between the 
genotypes and, consequently, increasing the heritability 
for the majority of the traits in the dry season (Table 1).
The correlation between agronomical and nutritional 
traits follows what has been observed previously for the 
genus Urochloa, as described for U. humidicola (Rendle) 
Morrone & Zuloaga (de Figueiredo et al., 2012), U. decum-
bens (Matias et al., 2016), U. ruziziensis (Simeão et al., 2016) 
and U. brizantha (Mauri et al., 2015). For forage growth, a 
considerable content of lignin and fiber is needed for the 
structural development and thickening of the cell wall, 
but this is an undesirable trait, as it decreases digestibility. 
These nutritional traits will be present in tillers after the 
plant senesce. Furthermore, the accumulation of old tillers 
increases the proportion of epidermis, bundle sheath cells, 
and xylem that is not digested. In turn, these morpho-
logical structures are heavy and increase the correlation 
with plant weight. Even though leaves are lighter, this is 
the most important component of the forage for animal 
production on pastures, and thus leaf dry matter produc-
tion should be the target in any forage breeding program 
(Van Soest, 1995).
Importance of the Annotated Genes 
for Forage Yield
This new genomic information can be used for many 
biological studies and applications in breeding such as 
genomic selection and GWAS analysis. Here, the genomes 
of five grasses were used to discover SNPs in an interspe-
cific Urochloa spp. population. These markers were evaluated 
in GWAS analyses to find markers in linkage disequilib-
rium with genomic regions for forage traits, following the 
descriptions of Collard and Mackill (2008). Furthermore, 
to our knowledge, this is the first study reporting the appli-
cation of GBS in a panel of Urochloa spp. for GWAS analysis. 
We found seven SNPs in candidate regions related to forage 
yield. The marker Sv_Chr08_79084 tags a pleiotropic gene 
that was significant for distinct agronomical (REG) and 
nutritional (IVD) traits (Table 2). Reports on the gene 
function annotated for this marker describes the tRNA(Asp) 
as the acceptor of aspartyl-tRNA synthetase; this recogni-
tion is highly specific and essential for cell viability (Choi et 
al., 2003). Aspartyl-tRNA synthetase (AspRS) is encoded 
by the impaired in baba-induced immunity 1 (IBI1) gene 
that, in turn, is activated by b-aminobutyric acid (BABA) 
to control plant immunity and growth pathways (Luna et 
al., 2014). Hence, this marker is correlated with aspartate 
(Asp) metabolism, one of the prominent amino acids in leaf 
tissues which is usually decreased in response to abiotic stress 
such as drought, as described for potato plants (Barnaby et 
al., 2015) and barley (Hordeum vulgare L.; Singh et al., 1973). 
In addition, Asp is a reserve of organic N, so its decrease 
during water stress suggests that rates of N uptake and 
assimilation can be diminished (Sicher and Barnaby, 2012). 
In this study, this marker was significant for the annual and 
dry seasons and thus implicates the influence of Asp on the 
plant growth pathways, which is directly related to REG. 
The Si_Scaffold5_15551397 marker showed significant asso-
ciation with NDF, annotated with gene LOC101778276, 
which synthesizes the exocyst complex component 
SEC15B. In turn, this is involved in cell growth and organ 
morphogenesis, part of the cell plate development on the 
new primary cell wall. Also, it is involved in the docking of 
exocytic vesicles with fusion sites on the plasma membrane 
during secretion (Fendrych et al., 2010). Furthermore, 
previous findings indicate the role of this macromolecule in 
cooperation with other proteins for the secretion of cellu-
lose synthase complexes (Zhu et al., 2018), as the cellulose 
directly related to the fiber content in the plant.
On the other hand, for some markers, there were 
no annotated genes, or uncharacterized proteins found. 
However, these Urochloa spp. genomic regions have genomic 
variability associated with fundamental forage traits. For 
example, FGW is the most reported trait in forage studies, 
directly related to forage production. Therefore, further 
studies to characterize this region could help breeders 
understand the genetic base of forage development.
Different markers were identified for the same trait in 
different environmental conditions (annual, dry, and wet 
season), which corroborates that forage yield is associated 
with the hybrid’s performance under abiotic and biotic 
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stresses (Pabón et al., 2007; Mendonça et al., 2013; Matias 
et al., 2016). Furthermore, it may indicate a pleiotropic 
action among many forage traits. For instance, the marker 
Um_8160655 was significant for NDF (annual period) 
and LIG (wet season), and earlier phenotypic studies have 
shown the high correlation among fiber and lignin content 
in Urochloa species (de Figueiredo et al., 2012; Matias et 
al., 2016). Although no significant markers for the nutri-
tional trait CP were found, it showed a high correlation 
with digestibility (Supplemental Table S2). Thus, IVD 
performance could indirectly evaluate CP.
Specifically, the significant SNPs related to NDF, for 
the annual and dry season, aligned with the Urochloa mock 
(Um) reference genome, showed a similar final sequence 
(Supplemental Fig. S1). Probably, these markers are in 
linkage disequilibrium with different copies of the same 
gene scattered in the polyploid genome. Another possibility 
is classifying this sequence as a repetitive DNA sequence, 
as previously reported by Matias et al. (2019). Transposons 
and retrotransposons are common in the genome of several 
polyploid species playing an essential role in genome and 
gene evolution (Vicient and Casacuberta, 2017). In this 
sense, further studies are necessary to verify its distribu-
tion and frequency within the genome. Once confirmed, 
this sequence could be used as a marker for phylogenetic 
analysis and could be a benchmark towards unraveling the 
origin of polyploid species of Urochloa spp. and their rela-
tionship with closely related species.
The alignment of significant SNPs with reference 
genomes revealed a considerable consensus of genomic 
regions between Urochloa and other important grasses 
(Matias et al., 2019). It highlights that these species share 
genes and genomic regions with Urochloa spp. Among 
them, Setaria spp. genomes allowed more alignments 
and coverage. In accordance with our results, Ferreira 
et al. (2019) found Setaria viridis as the better alterna-
tive pseudo-genome in a U. decumbens panel. It indicates 
that this reference genome may be an option to develop 
SNP primers while the Urochloa complete genome is not 
available. Furthermore, these SNPs might help breeders 
improve forage yield in other Panicoideae grasses, if used 
as a novel model plant for understanding genetic and 
biological processes in the tribe Poaceae (Tang et al., 
2017). On the other hand, just the terminal and central 
regions of chromosome 2 of Sorghum bicolor had common 
alignments with Urochloa. This result corroborates with 
phylogeny and genome evolution studies in grasses where 
Urochloa spp. and Setaria spp. belong together in the same 
evolutionary clade whereas Sorghum bicolor belongs to 
a different clade (Gale and Devos, 1998; Paterson et al., 
2009; Schnable et al., 2009; The International Brachypo-
dium Initiative, 2010).
GWAS for Segmental Allotetraploids Species
Most of the genetic studies in polyploid species simplify 
the data to use diploid models inducing errors as under- or 
overestimating the real genetic control of important traits 
(Dufresne et al., 2014), as observed in the autotetraploid 
blueberry (Ferrão et al., 2018) and in the allotetraploid 
clover (Inostroza et al., 2018). However, Urochloa spp. 
are segmental allopolyploid species, and both ploidies 
diploid and tetraploid genotyping configuration should 
be accounted for during the GWAS analysis. Our results 
showed the importance of using tetraploid and diploid 
configuration for the same markers to identify significant 
regions and gene action. This approach should be used until 
the genome becomes available and indicates which region 
follows a disomic inheritance and which follows tetra-
somic inheritance. Our results indicate that it is possible to 
evaluate tetraploid regions of the Urochloa spp. genome using 
diploid configuration; however, the genetic effect of alleles 
may be masked in regions with dominance or epistatic 
control (Fig. 4). Higher population size and greater read 
depth (genotyping step) can improve the statistical power 
to estimate the allele dosage and the trustworthy ploidy for 
each genome region. For example, assuming one region as 
a diploid, p(Aa) = p(Aaaa) + p(AAaa) + p(AAAa), where 
the highest number of individuals of the population in class 
AAaa compared with Aaaa and AAAa is expected, could 
cause an error of genotyping call.
CONCLUSION
This study presents the first GWAS analysis in interspe-
cific segmental allotetraploid Urochloa, the most important 
forage genus in the tropical regions. The genetic vari-
ability of this panel allowed the identification of SNP 
markers significantly associated with forage yield traits in 
different cutting seasons. We found seven different regions 
related to the main forage traits, which can be a specific 
region related only with one trait, the same significant 
region conserved between different genomes, and a pleio-
tropic region between two or more traits. The season 
(dry or wet) may influence the genomic regions that are 
controlling the trait variability, as observed for digest-
ibility. Unfortunately, Urochloa does not have a reference 
genome yet, but the region around these markers can 
be further investigated and yield improved knowledge 
about the genomic control of tropical forage traits. This 
study contributed to better understanding the genome of 
segmental allopolyploid species, showing the necessity to 
evaluate the molecular data using both ploidies (diploid 
and tetraploid configurations) to account for all regions of 
the genome. Finally, the significant SNPs can be useful to 
the breeding program to accelerate the selection of future 
cultivars by reducing the cost and time of evaluation.
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